Sequence analysis of the right variable genomic region of the pathogenic African swine fever virus (ASFV) isolate E70 revealed a novel gene, UK, that is immediately upstream from the previously described ASFV virulence-associated gene NL-S (L. Zsak, Z. Lu, G. F. Kutish, J. G. Neilan, and D. L. Rock, J. Virol. 70:8865-8871, 1996). UK, transcriptionally oriented toward the right end of the genome, predicts a protein of 96 amino acids with a molecular mass of 10.7 kDa. Searches of genetic databases did not find significant similarity between UK and other known genes. Sequence analysis of the UK genes from several pathogenic ASFVs from Europe, the Caribbean, and Africa demonstrated that this gene was highly conserved among diverse pathogenic isolates, including those from both tick and pig sources. Polyclonal antibodies raised against the UK protein specifically precipitated a 15-kDa protein from ASFV-infected macrophage cell cultures as early as 2 h postinfection. A recombinant UK gene deletion mutant, ⌬UK, and its revertant, UK-R, were constructed from the E70 isolate to study gene function. Although deletion of UK did not affect the growth characteristics of the virus in macrophage cell cultures, ⌬UK exhibited reduced virulence in infected pigs. While mortality among parental E70-or UK-R-infected animals was 100%, all ⌬UK-infected pigs survived infection. Fever responses were comparable in E70-, UK-R-, and ⌬UK-infected groups; however, ⌬UK-infected animals exhibited significant, 100-to 1,000-fold, reductions in viremia titers. These data indicate that the highly conserved UK gene of ASFV, while being nonessential for growth in macrophages in vitro, is an important viral virulence determinant for domestic pigs.
African swine fever (ASF) is a highly lethal and economically significant disease of domestic pigs for which there is no vaccine or disease control strategy other than animal quarantine and slaughter. The causative agent of ASF, a large enveloped double-stranded DNA virus (ASFV), is the sole member of an unnamed family of animal viruses (7, 10, 16) . Although the icosahedral morphology of the ASFV virion resembles those of iridoviruses, both the ASFV genomic organization, which includes terminal cross-links and inverted terminal repeats, and the cytoplasmic replication strategy indicate a close relationship to the Poxviridae (20, 35, 41) .
ASFV is the only known DNA arbovirus (7, 10, 16) . In nature, the perpetuation and transmission of this virus involve the cycling of virus between two highly adapted hosts, Ornithodoros ticks and wild pig populations (warthogs and bushpigs) in sub-Saharan Africa (37, 38, 50, 54) . In the warthog host, ASFV infection is subclinical, characterized by low viremia titers (39, 49) .
In domestic pigs the severity of ASF ranges from a highly lethal hemorrhagic disease to subclinical infection, depending on contributing viral and host factors (9, 31, 39) . ASFV infects cells of the mononuclear-phagocytic system, including highly differentiated fixed-tissue macrophages and specific lineages of reticular cells; affected tissues show extensive damage after infection with highly virulent viral strains (9, 26, 27, 31, 32) . This ability to replicate and induce marked cytopathology in these cell types in vivo appears to be critical for ASFV virulence. The natures of viral and host factors responsible for the differing outcomes of infection with strains of high virulence and of lesser virulence are largely unknown.
High degrees of variation in genomic size and restriction pattern are observed among different ASFV isolates. Like poxviruses, variations within the ASFV genome are primarily localized to the terminal regions (4, 5, 53) . Poxvirus genes located in the terminal variable regions are often nonessential for viral replication in cell culture, performing instead functions related to viral host range (30) . ASFV terminal variable regions comprise the left 35-kb and the right 15-kb ends of the genome and contain at least five multigene families (MGF): MGF100, MGF110, MGF300, MGF360, and MGF530 (2, 12, 21, 51, 56) . Variation within these regions, including gene deletion events, is observed during ASFV adaptation to monkey cell lines (4, 44) and appears to be associated with reduction of viral virulence (44) . Given the similarities with poxviruses, it is likely that ASFV variable region genes are associated with important host range functions in either the pig or tick host.
Previously, we described an ASFV right variable region gene, NL-S, with similarity to the neurovirulence-associated gene (ICP34.5) of herpes simplex virus and demonstrated, using a viral gene deletion mutant, that NL-S, while being nonessential for replication in swine macrophages in vitro, is a significant viral virulence factor. Deletion of this gene from the European pathogenic isolate E70 resulted in almost complete attenuation of the virus in the domestic swine host (57) . Consistent with a host range function, NL was found to be highly conserved among diverse pathogenic ASFV isolates, existing in either a long (184-amino-acid) or a short (70-to 72-amino acid) form (57) .
Here, we describe a second ASFV right variable region gene, UK, associated with pig virulence. Our data indicate that (i) the UK gene is highly conserved among African and European ASFV isolates; (ii) UK is a novel gene, showing no similarity to other known genes in the current sequence databases; (iii) UK encodes a 15-kDa protein that is expressed in virusinfected macrophages at early times postinfection; and (iv) although it is nonessential for growth in porcine macrophage cell cultures, UK is a significant viral virulence determinant in domestic swine. Thus, the right variable region of the ASFV genome contains at least two genes, NL-S and UK, with functions involving pig virulence and swine host range.
MATERIALS AND METHODS
Cell culture and viruses. Primary porcine macrophage cell cultures were prepared from defibrinated swine blood as previously described (19) . Briefly, heparin-treated swine blood was incubated at 37°C for 1 h to allow sedimentation of the erythrocyte fraction. Mononuclear leukocytes were separated by flotation over a Ficoll-Paque (Pharmacia, Piscataway, N.J.) density gradient (specific gravity, 1.079). The monocyte/macrophage cell fraction was cultured in plastic Primaria (Falcon; Becton Dickinson Labware, Franklin Lakes, N.J.) tissue culture flasks containing RPMI 1640 medium with 30% L929 supernatant and 20% fetal bovine serum for 48 h (37°C in 5% CO 2 ). Adherent cells were detached from the plastic with 10 mM EDTA in phosphate-buffered saline and then reseeded into Primaria T25 6-or 96-well dishes at a density of 5 ϫ 10 6 cells per ml for use in assays 24 h later.
Pathogenic ASFVs used in this study were as follows. (1980) . DNA manipulation, cloning, and sequencing. Viral DNAs were isolated from purified virions with proteinase K and by sodium dodecyl sulfate lysis followed by phenol extraction and ethanol precipitation (53) . Southern blot, radiolabeling, and hybridization analyses were performed by standard methods (40) . Plasmid DNA was prepared and manipulated essentially as described by Sambrook et al. (40) .
The recombinant lambda clone LMw23 (14) from the pathogenic ASFV isolate Malawi Lil-20/1 genome was sequenced as previously reported (43) .
An E70 genomic cosmid library was constructed as previously described (57) . A cosmid clone, H7, representing the right terminus of the E70 genome was further subcloned, and a 5-kbp EcoRI-SalI fragment contained within it, H7E, was sequenced in its entirety with an Applied Biosystems Inc. model 370A automated DNA sequencer. DNA sequences were assembled by using Staden's Sequence Assembly program (42) and analyzed by the FASTA method (36) as well as other phylogenetic programs (46, 47) . Predicted protein sequences were analyzed by using the Genetics Computer Group (University of Wisconsin) computer programs (13) and SAPS software (6) . Protein sequences were compared to those in the EMBL (release 51), GenBank (release 101), SwissProt (release 32), and PIR (release 52) databases by using the FASTA (36), BLAST (3), and MOST (48) (Fig. 1A) , was amplified with a primer pair derived from sequences flanking this region: forward primer 5Ј-CTTTCACCCC ACGACTTCTTA-3Ј and reverse primer 5Ј-CACTTGTAGAGTGGATGGCA T-3Ј (nucleotides 729 and 1983 in the H7E clone, respectively). The UK region from ASFV isolate Haiti 811 was amplified with the following primer set: forward primer 5Ј-CTCCCGCCCCATGAATTCCTA-3Ј and reverse primer 5Ј-TC ATGCCACCATAAACCACAA-3Ј. PCR was performed for 40 cycles of thermal denaturation (96°C for 15 s), reannealing (50°C for 30 s), and extension (60°C for 30 s). Amplified products were cloned into the TA cloning vector pCR II (Invitrogen, San Diego, Calif.). Three or four PCR clones derived from independent amplifications of each isolate were sequenced completely with the T7 and Sp6 forward and reverse primers (40) . The chromatogram traces were base called with Phred (version 0.961028), which also produced a quality file containing a probability of error at each base position. The sequence was assembled with Phrap (version 0.0.96731) with the quality files and default settings to produce a consensus sequence for each isolate.
RT-PCR was performed according to the protocols for RT of RNA and PCR amplification of cDNA provided with the GeneAmp thermostable rTth reverse transcriptase RNA PCR kit (Perkin-Elmer). Briefly, RNAs were extracted from ASFV-infected primary porcine macrophage cell cultures at 16 h postinoculation (multiplicity of infection [MOI], 10) with a Micro-Scale total RNA separator kit (Clontech, Palo Alto, Calif.) and treated with 100 U of DNase I (Boehringer Mannheim, Indianapolis, Ind.) per g of RNA at 37°C for 90 min. One microgram of total infected-cell RNA was reverse transcribed for 15 min at 70°C by using 5 U of rTth DNA polymerase and a gene-specific downstream primer. Resulting cDNAs were then amplified by PCR with gene-specific primer pairs. For the NL-S gene, we used forward primer 5Ј-GTATGGGAAGCCGACGAC ATC-3Ј and reverse primer 5Ј-TTACTGCTGCTCCAGTAGCTT-3Ј, and for the p72 gene, we used forward primer 5Ј-ATTTTAAGCCTTATGTTCCAG-3Ј and reverse primer 5Ј-CTCTAAAAGGTGTTTGGTTGTC-3Ј. Non-reverse-transcribed RNA samples were used in the PCR as a control to ensure the absence of viral DNA contamination. PCR products were analyzed by gel electrophoresis and Southern blot hybridization by using PCR-generated DNA probes whose sequences were contained within the primary amplification products.
UK protein expression and immunoprecipitation. The ORF UK was amplified by PCR and cloned into the expression vector pET 21a (Novagen, Madison, Wis.) with E70 genomic DNA as the template. PCR amplification was performed with a set of degenerate primers that created BglII sites at the 5Ј and 3Ј ends of the ORF: forward primer 5Ј-GTATAGTAGATCTTAGCATGT-3Ј and reverse primer 5Ј-AAATATTAGATCTAACACGTT-3Ј (nucleotides 2286 and 2689 in the H7E clone, respectively). Clones containing the ORF UK were identified by colony hybridization, and proper framing was confirmed by DNA sequencing. Escherichia coli BL21 (DE3) cells, transformed with the recombinant plasmid pET-UK, were grown in Luria-Bertani medium containing 100 mg of ampicillin per ml. Synthesis of UK protein and production of rabbit immune serum were performed as previously described (24, 33) .
Primary porcine macrophage cell cultures were infected with ASFV Malawi Lil-20/1 and E70 isolates (MOI, 20), pulse-labeled for 2-h periods at various times postinfection with L-[
35 S]methionine in methionine-deficient RPMI 1640 medium, and immunoprecipitated with UK-monospecific antibodies as previously described (1) .
Construction of ASF recombinant virus ⌬UK and its revertant UK-R. ASFV recombinant viruses were generated by homologous recombination between parental ASFV genomes and engineered recombination transfer vectors in swine macrophage cell cultures as previously described (57) .
The recombination transfer vector for introducing the UK gene deletion in E70 was constructed by deleting a 257-bp HindIII-BamHI fragment from the cosmid subclone H7E (see Fig. 3A ) and replacing it with the ␤-glucuronidase (GUS) reporter gene under the control of an ASFV late structural gene promoter, p72 (33) . The BamHI site is a unique restriction site in the H7E clone, while the HindIII site was created by PCR site-directed mutagenesis at the UK start site (position 2303). This deletion removes all but 30 carboxyl-terminal nucleotides of the UK ORF. Transfection-infection assays were done as previously described (57) . Recombinant viruses were plaque purified on macrophage cell cultures and analyzed and characterized by PCR and Southern blotting (57) .
A revertant virus was constructed from the E70 UK gene deletion mutant ⌬UK. A novel BglII site was created in the H7E clone by PCR site-directed mutagenesis at nucleotide 3090. A reporter cassette, p72␤-Gal, containing the ␤-galactosidase gene was inserted into BglII-digested H7E to yield p72␤-GalH7E. This construct was used in the transfection-infection experiment to restore the ORF UK in the E70 ⌬UK genome. Putative revertants, GUSnegative and ␤-galactosidase-positive viruses, were purified by plaque assay on macrophage cell cultures and analyzed and characterized as described above.
Animal infections. Yorkshire pigs (30 to 35 kg in experiments 1 and 2 and 60 to 70 kg in experiment 3) were inoculated intramuscularly with either 10 2 50% tissue culture infective doses (TCID 50 ) of parental E70, recombinant ⌬UK, or revertant UK-R viruses. A dose of 10 2 TCID 50 of E70 represents a challenge of between 10 and 100 100% lethal doses (57) . Clinical signs of ASF (fever [a rectal temperature greater than or equal to 40°C], anorexia, lethargy, shivering, cyanosis, and recumbency) were monitored daily. Blood samples were collected every other day for 30 days postinfection (DPI). Virus isolation and titration of ASFV in blood samples were performed as previously described (34) . Virus titers were calculated by the method of Spearman-Karber and expressed as TCID 50 (18) .
Nucleotide sequence accession numbers. The UK gene sequences were assigned GenBank accession no. AF015671 (E70), AF015666 (Brazil), AF015667 
RESULTS
A unique ASFV right variable region gene, UK, is conserved among most pathogenic virus isolates. We described previously a highly conserved virulence-associated gene, NL-S, in the right variable region of several pathogenic ASFV isolates. A 5-kb fragment of clone H7E (Fig. 1A) from the right variable region of the European pathogenic isolate E70 was sequenced in its entirety, and the genetic content was analyzed and compared with the sequence from the same region of the African pathogenic isolate Malawi Lil-20/1. In contrast to the Malawi Lil-20/1 isolate, where the 23-NL gene was bracketed by the 23-MR ORF on the left and a member of MGF360 on the right, the E70 genome contained a novel ORF, UK, immediately upstream from NL-S and transcriptionally oriented toward the right end of the genome. Searches of the complete nucleotide sequence of the Malawi Lil-20/1 genome (15, 28) failed to identify UK gene sequences.
The sequence for the E70 UK gene begins 2,264 bases from the EcoRI restriction site and 1,057 bases from the start site of ORF 23-MR and extends for 288 bases on the positive strand of the H7E clone (Fig. 1A) . ORF UK encodes a 96-amino-acid polypeptide (predicted molecular mass, 10.7 kDa; pI, 8.5) with no predicted signal sequence or membrane-spanning regions. A search of the Prosite database (release 13) identified two consensus protein kinase C phosphorylation motifs at amino acid residues 19 and 42; five casein kinase phosphorylation sites at residues 2, 23, 42, 47, and 74; one N-myristoylation site at residue 58; and no Asn glycosylation sites. The hydrophilic amino portion of UK contains four tandem repeats, each of which is 10 residues long (EKXXXXXXXX) and has a conserved charge distribution (Ϫϩ00000000), which predict four flexibly linked alpha helices with high potential antigenicities.
The carboxyl terminus is slightly hydrophobic. Searches of genetic databases found statistically significant similarity (P Յ 0.001) between these repeats and repeats contained within the Trypanosoma cruzi chronic-phase antigenic protein (8) , the Babesia bovis 80-kDa protein (11) , and the Plasmodium falciparum ring-infected erythrocyte surface antigen (17) . These proteins also contain 10-residue tandem repeats which have similar charge distributions and the same predicted secondary structure. Other regions of those proteins show no similarity to UK.
To assess the degree of UK gene conservation, 15 additional pathogenic viruses, representing African, European, and Caribbean isolates from both pig and tick sources, were examined by sequence analysis. The UK ORF from each virus was amplified by PCR, cloned, and sequenced completely. With the exception of the HT isolate, sequence analysis revealed an E70-type UK ORF for all isolates, encoding either 92, 95, or 96 amino acids (Fig. 2) . Pathogenic isolates E70, BR, CA, and KE contained identical UK ORFs encoding 96 amino acids. The UK gene of the highly cell culture-adapted virus BA71V (55) was identical at the nucleotide level to UK of E70. Identical UK ORFs were found in the African isolates SP and UG. It is interesting that the African tick isolates formed a distinct, although not significantly different, group with UK ORFs en- coding 95 amino acids with highly conserved sequence homology (99 to 100% identity over 95 residues).
The HT isolate contained a larger UK gene of 156 amino acids, UK-L (Fig. 1B) . This longer form of UK is due entirely to the presence of six additional tandem repeats (EKXAXX NNXX), making a total of 10 tandem repeats in Haiti UK-L compared to only four repeats in E70 UK. The larger UK-L (predicted molecular mass, 16.9 kDa) is slightly more acidic (pI, 6.2), due to the six additional repeats, and 74% identical (94% similar) to the shorter E70 UK ORF but has the same secondary structure prediction and database matches as the E70 UK ORF. Interestingly, and unlike other described UK gene-containing virus genomes, the Haiti isolate encoded a long form of the NL gene (185 amino acids) with striking similarity to the Malawi 23-NL gene (92% identity and 96% similarity over 185 amino acids). Thus, the Haiti isolate has the only known ASFV genome containing both a long form of NL and the UK gene.
Among the UK genes sequenced, there were 59 polymorphic nucleotide sites with 134 changes and a 0.03 average change per nucleotide position with a 3.4 average corrected transitiontransversion ratio. There was no significant difference among the isolates in overall relationship at the amino acid level (amino acid Poisson correction distance was estimated by a neighbor-joining branch-length test and a cluster test with 1,000 bootstrap samples [chi-square test result, 9.84; 10 degrees of freedom; P ϭ 0.45]), although Haiti pig isolate HT was the most different from the others, encoding an extra six copies of the tandem repeat, while African domestic pig isolate TE encoded only 92 amino acids. At the nucleic acid level there was an indication that the UK locus was divided into a tick cluster and a pig cluster (Kimura 2 parameter distance estimate, Z ϭ 2.817, P ϭ 0.005). Given the small number of isolates examined, the significance of these apparent clusters remains to be determined. These data indicate that, with the exception of the Malawi Lil-20/1 isolate, the UK gene is highly conserved among diverse pathogenic ASFVs isolated from either domestic pigs or Ornithodoros ticks.
Construction and analysis of the recombinant ASFV UK gene deletion mutant, ⌬UK, and its revertant, UK-R. An ASFV UK gene deletion mutant and its revertant were constructed from the pathogenic European isolate E70 by homologous recombination between parental viral genomes and recombination transfer vectors in primary porcine macrophage cell cultures as described in Materials and Methods. The introduced deletion removed a 257-bp HindIII-BamHI fragment (Fig. 3A) which contained all but the carboxyl-terminal 30 nucleotides of UK and inserted in its place a 2.4-kb p72GUS reporter gene cassette. A revertant virus, UK-R, was con- 5, 8, and 9) . One hundred nanograms of total RNA was used in the assay with either NL-S gene-specific or p72 gene-specific primers (lanes 3, 5, 7, and 9). PCR amplification from genomic DNAs (lane 1) and non-reverse-transcribed, DNase-treated RNA samples from macrophages infected with E70 (lanes 2 and 6) and ⌬UK (lanes 4 and 8) were included as controls.
structed by restoring UK into the genome of the E70 UK gene deletion mutant, ⌬UK, as described in Materials and Methods (Fig. 3A) . Genomic DNAs from the parental virus E70, the null mutant ⌬UK, and its revertant, UK-R, were analyzed by Southern blot hybridization (Fig. 3B) . Viral DNAs were digested with EcoRI, gel electrophoresed, Southern blotted, and hybridized with the 32 P-labeled 5-kb EcoRI-SalI fragment contained in clone H7E. The terminal EcoRI fragment in the right variable region of E70 was 7 kb long (Fig. 3B, lane 1) . Novel EcoRI fragments of the predicted sizes 6.8 and 2.3 kb were observed for ⌬UK as a result of a new EcoRI site, introduced with the p72GUS cassette (Fig. 3B, lane 2) . As expected, a terminal EcoRI fragment of 10.6 kb was observed for UK-R; the net 3.6-kb size increase resulted from the insertion of the p72␤-Gal reporter gene cassette (Fig. 3B, lane 3) .
RT-PCR analysis of the adjacent NL-S gene indicated that the UK deletion introduced into ⌬UK did not affect NL-S gene transcription in infected macrophage cell cultures (Fig. 3C ). At both 6 and 16 h postinfection, comparable levels of NL-S transcription were observed in cells infected with parental E70 (Fig. 3C, lanes 3 and 7) and cells infected with ⌬UK (Fig. 3,  lanes 5 and 9) by RT-PCR analysis with NL-S-gene-specific and p72-gene-specific primers. Insertion of a p72␤-Gal reporter cassette upstream from the 363 ORF did not affect the growth of the revertant UK-R in porcine macrophage cell cultures or virulence in pigs, indicating that neither insertions nor deletions upstream from the 363 gene resulted in any deleterious effect upon 363 gene function.
Expression of UK protein p15 in ASFV-infected swine macrophage cell cultures. Monospecific rabbit antiserum specifically immunoprecipitated a major protein of approximately 15 kDa (p15) from both ASFV E70-and UK-R-infected swine macrophage cell cultures (Fig. 4A, lanes 3 and 5, respectively) . A less intense band of approximately 13 kDa was also observed. The smaller polypeptide might represent a product of p15 proteolysis or a translation product initiated from an internal initiation codon present within the UK ORF (Fig. 2) . No specific protein was immunoprecipitated from mock-infected or from ⌬UK-infected cell extracts (Fig. 4A, lanes 2 and 4) . As a control, monoclonal antibody recognizing a highly antigenic ASFV phosphoprotein, p30 (1), immunoprecipitated proteins of 30 kDa from E70-, ⌬UK-, and UK-R-infected cell extracts (Fig. 4A, lanes 6 to 8, respectively) at comparable levels. Although the UK ORF contains seven potential serine or threonine phosphorylation sites, no detectable phosphorylation of p15 was observed when infected macrophage cell cultures were labeled with inorganic 32 P (data not shown). Time course protein-labeling experiments demonstrated that p15 expression was most abundant between 2 to 4 h postinfection, with slightly decreased levels at later times (Fig.  4B, lanes 5 to 7) . As expected, no specific protein was immunoprecipitated with the anti-UK antiserum from Malawi Lil-20/1-infected macrophage cell cultures (Fig. 4B, lanes 2 to 4) . UK is nonessential for growth of ASFV in swine macrophages in vitro. Growth characteristics of ⌬UK were compared to those of parental virus E70 and the revertant UK-R by infecting primary swine macrophage cell cultures (MOI, 1) and then titrating both extracellular and intracellular virus at various times postinfection. Growth kinetics and viral yields of ⌬UK were statistically indistinguishable from those of E70 and UK-R (Fig. 5) .
UK is a significant virulence determinant in domestic swine. To study the role of UK in viral virulence for domestic swine, Yorkshire pigs were infected intramuscularly with 10 2 TCID 50 of the parental virus E70, the UK null mutant ⌬UK, and its revertant, UK-R. A 10 2 TCID 50 of ASFV E70 represents a challenge of between 10 and 100 100% lethal doses for both younger (30-to 35-kg) and older (60-to 70-kg) pigs (57) . Data from three independent experiments are shown in Table 1 . In contrast to E70-and UK-R-infected groups, where mortality was 100%, all ⌬UK-infected animals survived infection. Times of onset of clinical disease were similar for animals infected with the three viruses. Animals infected with ⌬UK were febrile for a 4-to 6-day period and exhibited transient lethargy for 2 to 3 days; however, other clinical signs and further disease progression were not observed. Animals infected with E70 or UK-R presented with clinical signs of ASF 3 to 4 DPI, and these symptoms progressed until death in all cases. Viremia titers in ⌬UK-infected animals were significantly lower than those of E70-or UK-R-infected animals (Fig. 6) . At 4 DPI, a 300-to 100,000-fold reduction of virus titer was observed for ⌬UK-infected animals. Significant decreases of approximately 100-fold were evident at both 6 and 8 DPI. Viremias persisted in ⌬UK-infected animals for periods of 30 to 42 DPI.
At 42 DPI, convalescent ⌬UK-infected animals from experiment 1 were challenged with 10 4 TCID 50 of parental E70 to assess the level of immunity conferred by ⌬UK infection. Following challenge, all three animals remained clinically normal, with no detectable viremia, indicating that a solid level of homologous protective immunity had been induced following ⌬UK infection.
DISCUSSION
Previously, we described a virulence-associated gene, NL-S, present in the right variable region of the ASFV E70 genome (57) . Here, we describe a second virulence-associated gene, UK, present in the right variable region of the E70 genome.
UK is a novel gene with no similarity to other genes or known protein motifs in the current genetic databases. Except for the Malawi Lil-20/1 isolate, which lacked the gene, UK was highly conserved among the European, Caribbean, and African ASFV isolates examined here. In all but a single case, the genes encoded proteins of 92 to 96 amino acids with four tandem repeats, each of which had 10 residues with a conserved charge distribution, and the genes were present in a right-variable-region genomic arrangement ( Fig. 1 ) that included the previously identified virulence-associated gene NL-S (57). The sole exception was the UK gene of the Haiti 811 isolate, which contained 10 tandem repeats and encoded a predicted protein of 156 amino acids. Interestingly, Haiti 811 is the only viral genome we have observed that contains both UK and the long form of the NL gene, 23-NL, in the right variable region (43) . The significance of the number of repeats and their physicochemical relevance to UK protein function are unknown, and p15's lack of similarity to other known proteins makes it difficult to speculate on possible function.
The UK-encoded protein, p15, is abundantly expressed at early times in virus-infected macrophage cell cultures. Its apparent molecular mass of 15 kDa was higher than the 10.7 kDa predicted by the primary sequence. This discrepancy may be due to posttranslational modifications or to aberrant gel mobility resulting from the presence of the tandem repeats (45) . The protein does contain seven putative phosphorylation sites; however, no detectable phosphorylation of p15 was observed in macrophage cell cultures (58) .
While it is highly conserved in most pathogenic ASFV isolates, UK was nonessential for viral replication in porcine macrophages in vitro. The E70 gene deletion mutant ⌬UK exhibited wild-type replication kinetics and virus yields in macrophage cell cultures (Fig. 5) . Although UK is clearly nonessential for replication in macrophages in vitro, it does appear that the gene affects ASFV replication in infected pigs (Fig. 6 ). Since differentiated macrophages and reticular cells are the major viral targets in vivo (9, 26, 27, 31, 32) , p15 may perform a host range function in these cell types in vivo. This function might be a conditional one, required in cells only at specific stages of cell differentiation and/or activation but not required under in vitro cell culture conditions. It has been suggested that the stage of monocyte differentiation may influence cell susceptibility to ASFV infection (22, 29, 52) . The fact that p15 is expressed early in virus-infected cells suggests a function involving early events in the virus-cell interaction.
The E70 UK gene deletion mutant ⌬UK was significantly attenuated for domestic pigs when it was compared with either parental E70 or the revertant virus UK-R. Infection with ⌬UK was characterized by less severe clinical symptoms, reduced viremia titers (100-to 1,000-fold), and no mortality. Although the exact mechanism responsible for viral attenuation is unknown, lower viremia titers for ⌬UK-infected animals suggest a growth defect that might reduce tissue damage and allow time for an appropriate host immune response to be mounted. Alternatively, it is possible that ⌬UK fails to infect or replicate in a yet-to-be-identified critical target cell during viral infection, thus preventing a lethal outcome.
Although remarkable, the degree of attenuation observed for ⌬UK was not as marked as that observed when the NL-S gene was deleted from the E70 genome. Apart from a transient fever response, no evidence of clinical disease was observed in pigs following infection with the E70 NL-S gene deletion mutant ⌬NL-S (57). We have constructed a double-gene-deletion mutant of E70, ⌬NL-S/UK, which lacks both virulence-associated genes, NL-S and UK. Deletion of both genes did not result in further attenuation of E70; ⌬NL-S/UK exhibited a disease and virulence phenotype indistinguishable from that of ⌬NL-S (58).
While UK and NL-S genes may be necessary for E70 viral virulence in pigs, they are not alone sufficient. Highly passaged avirulent European ASFV isolates BA71V and MS44 contain both genes, and they show 100% amino acid identity with the E70 genes (55, 58) . Thus, other viral determinants must play significant roles in ASFV virulence. Interestingly, the highly pathogenic African isolate Malawi Lil-20/1 does not contain a UK gene (15, 28) . Either a UK-like function is provided by a second yet-to-be-identified Malawi Lil-20/1 gene or, alternatively, the need for this gene may depend on the complement of other virulence and swine host range genes contained by a given virus isolate.
To date, at least four conserved but nonessential genes have been identified in the right variable region of the ASFV genome, and two of these, NL-S and UK, have been associated with viral virulence and swine host range (25, 28, 57) . It is likely that additional genes performing host range functions in either the swine or tick host will be identified within the terminal variable regions of the ASFV genome. Characterization of these and other host range genes may allow for rational design of engineered live-attenuated, host range-restricted ASFV vaccines.
